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Group	 L*	 a*	 b*	
TiO2	200	nm	 90.31	(0.39)	 -0.62	(0.25)	 55.60	(0.32)	
TiO2	30-40	nm	 88.73	(0.18)	 0.85	(0.07)	 60.06	(0.66)		
ZrO2	200	nm	 79.17	(0.41)	 4.41	(0.14)	 88.76	(1.87)	
ZrO2	40	nm	 79.75	(0.31)	 4.13	(0.12)	 91.48	(0.87)	
















































Control	 -0.71	(0.07)	 -0.31	(0.03)	 -0.72	(0.16)	 -0.88	(0.07)	 -0.32	(0.06)	
UVB	 -1.48	(0.08)	 -2.05	(0.09)	 -4.48	(0.19)	 -4.31	(0.13)	 -4.37	(0.12)	
∆a*	
Control	 -0.53	(0.02)	 -0.25	(0.02)	 -0.68	(0.02)	 -0.67	(0.03)	 -0.32	(0.02)	
UVB	 0.28	(0.02)	 0.51	(0.03)	 0.95	(0.06)	 0.90	(0.10)	 1.78	(0.06)	
∆b*	
Control	 -1.24	(0.12)	 -0.46	(0.20)	 -2.62	(0.45)	 -1.56	(0.12)	 -0.39	(0.43)	
UVB	 -2.15	(0.12)	 -3.32	(0.11)	 -7.04	(0.34)	 -7.00	(0.09)	 -6.91	(0.23)	
∆E*	
Control	 1.53	(0.12)	 0.71	(0.08)	 2.85	(0.40)	 1.91	(0.12)	 1.02	(0.15)	















































































Control	 -1.00	(0.09)	 -0.42	(0.05)	 -1.41	(0.04)	 -1.19	(0.08)	 -0.60	(0.09)	
UVB	 -2.71	(0.02)	 -3.64	(0.07)	 -6.99	(0.10)	 -6.14	(0.11)	 -7.36	(0.08)	
∆a*	
Control	 -0.55	(0.04)	 -0.22	(0.02)	 -0.83	(0.02)	 -0.74	(0.03)	 -0.31	(0.02)	
UVB	 1.22	(0.04)	 1.49	(0.02)	 1.79	(0.05)	 1.73	(0.07)	 3.05	(0.04)	
∆b*	
Control	 -1.65	(0.13)	 -0.60	(0.29)	 -3.09	(0.29)	 -2.43	(0.21)	 -1.30	(0.42)	
UVB	 -4.19	(0.09)	 -6.00	(0.09)	 -11.57	(0.26)	 -10.57	(0.34)	 -12.31	(0.12)	
∆E*	
Control	 2.01	(0.16)	 0.89	(0.20)	 3.50	(0.27)	 2.82	(0.21)	 1.58	(0.31)	






































































Control	 -1.13	(0.14)	 -0.61	(0.07)	 -1.68	(0.06)	 -1.43	(0.08)	 -0.99	(0.08)	
UVB	 -3.13	(0.01)	 -4.27	(0.07)	 -8.50	(0.12)	 -7.97	(0.10)	 -10.82	(0.13)	
∆a*	
Control	 -0.27	(0.38)	 0.06	(0.42)	 -0.39	(0.66)	 -0.25	(0.66)	 0.44	(0.90)	
UVB	 1.20	(0.25)	 1.27	(0.50)	 1.70	(0.52)	 1.62	(0.65)	 3.23	(1.01)	
∆b*	
Control	 -2.48	(0.63)	 -2.21	(1.26)	 -5.85	(2.10)	 -5.18	(2.10)	 -5.00	(3.20)	
UVB	 -4.30	(0.84)	 -6.28	(1.02)	 -11.49	(2.57)	 -11.89	(2.04)	 -15.12	(3.03)	
∆E*	
Control	 2.88	(0.59)	 2.49	(1.24)	 6.32	(2.05)	 5.61	(2.06)	 5.39	(3.21)	























































































































































































Immediate	 0.35	(0.01)	 0.34	(0.02)	 0.26	(0.01)	 0.38	(0.01)	 1.13	(0.04)	
Control	 0.34	(0.01)	 0.31	(0.02)	 0.28	(0.01)	 0.36	(0.01)	 0.95	(0.10)	
UVB	 0.30	(0.01) 0.32	(0.02)	 0.31	(0.01)	 0.33	(0.01)	 0.87	(0.06)	
Strain	at	
Break	
Immediate	 1.43	(.05)	 1.41	(0.11)	 0.97	(0.07)	 1.20	(0.05)	 2.61	(0.07)	
Control	 1.36	(0.09)	 1.39	(0.10)	 1.24	(0.07)	 1.23	(0.05)	 2.10	(0.09)	




Immediate	 0.17	(0.00)	 0.17	(0.01)	 0.18	(0.01)	 0.21	(0.00)	 0.47	(0.01)	
Control	 0.18	(0.01)	 0.16	(0.00)	 0.15	(0.01)	 0.19	(0.00)	 0.48	(0.04)	
UVB	 0.16	(0.01) 0.19	(0.01)	 0.20	(0.01)	 0.19	(0.01)	 0.46	(0.02)	
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4.3 Antifungal	Activity	
4.3.1 XTT	Colorimetric	Assay	
	 The	optical	density	of	formazan	crystal	formation	in	solution	was	measured	
spectrophotometrically	at	492	nm	after	48	hours	of	exposure	to	C.	albicans.	This	was	a	measure	
of	metabolic	activity	(Fig	4.20,	Table	4.6).	Ag	and	TiO2	nanoparticle	groups	showed	significantly	
lower	C.	albicans	metabolic	activity	when	compared	to	the	positive	control	group	(p<0.01).	The	
ZrO2	and	silica	groups	were	not	significantly	different	than	the	positive	control	group	(p>0.01).	
4.3.2 Confocal	Laser	Scanning	Microscopy	(CLSM)	
Fun-1	staining	showed	that	C.	albicans	biofilm	formation	is	a	complex	phenomenon.	The	
biofilm	was	multiple	cells	layers	in	thickness	consisting	mainly	of	yeast	and	hyphae.	Adjacent	to	
the	silicon	elastomer	disc	surface,	yeast	cells	were	densely	embedded	in	an	extracellular	matrix.	
In	both	Ag	groups	and	TiO2	200	nm	groups,	confocal	laser	microscopy	images	showed	yeast	cells	
scattered	and	attached	to	the	elastomer	discs	with	no	hyphae	formation	detected.	
Pseudohyphae	and	more	yeast	cells	with	extracellular	networks	were	detected	in	TiO2	30-40	nm	
group	images	and	more	dense	and	thick	mature	hyphae	process	formations	were	noticed	in	
ZrO2	and	silica	groups	(Fig	4.21).	
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Table		4.6.	C.albicans	Metabolic	Activity	after	48	hours	Measured	Spectrophotometrically	at	
492	nm	(Mean	(S.D.),	n=9	for	silica	and	nanoparticle	groups,	n=12	for	positive	control)	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Group	 XTT	after	48	h	
Ag	200-400	nm	 0.31	(0.07)	
Ag	30-40	nm	 0.31	(.04)	
TiO2	200	nm	 0.33	(0.25)	
TiO2	30-40	 0.70	(0.23)	
ZrO2	200	 1.00	(0.16)	
ZrO2	40	 1.01	(0.12)	
Silica	200-300	nm	 1.13	(0.11)	
Positive	control	 1.17	(0.00)	
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Figure		4.20.	Bar	graph	displaying	means	and	standard	deviations	(error	bars)	of	C.	albicans	optical	
density	measured	spectrophotometrically	at	492	nm	after	48	hours.	Asterisk	denotes	significant	
difference	from	positive	control	(p<0.01).	
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Figure		4.21.	Confocal	laser	scanning	micrographs	of	C.	albicans	stained	with	FUN-1.	a)	Ag	200-400	nm.	
b)	Ag	30-40	nm.	c)	TiO2	200	nm.	d)	TiO2	30-40	nm.	e)	ZrO2	200	nm.	f)	ZrO2	40	nm.	g)	Silica	200-300	nm.	
Magnification	40x,	oil.	Scale	bar	=	30	𝝁m.	
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CHAPTER	5: DISCUSSION	
The	central	hypothesis	of	this	study	was	that	the	addition	of	TiO2	and	ZrO2	nanoparticles	
to	pigmented	PDMS	elastomers	would	improve	color	stability	and	physical	properties	when	
subjected	to	controlled	dosages	of	ultraviolet	radiation.	The	results	of	this	investigation	
demonstrated	that	TiO2	nanoparticles	improved	color	stability,	but	ZrO2	did	not.		Neither	
nanoparticle	improved	physical	properties	when	added	at	1%	by	weight.	The	second	hypothesis	
was	that	C.	albicans	growth	on	the	surface	of	pigmented	PDMS	elastomers	would	be	reduced	by	
addition	of	TiO2	and	ZrO2	nanoparticles.	The	results	demonstrated	that	TiO2	nanoparticles	
permitted	less	biofilm	growth	than	did	silica	particles,	but	ZrO2	did	not.	Interpretations	of	results	
are	presented	in	the	following	sections.	
5.1 Color	Change	
5.1.1 Color	Changes	at	Baseline	
TiO2	nanoparticle	additions	caused	noticeable	visual	color	change	at	baseline	as	
compared	to	silica	controls.	TiO2	produced	samples	which	were	lighter	in	color	compared	to	
silica	controls	(L*	values	ranging	88-90	for	TiO2	and	79	for	silica).	On	the	other	hand,	ZrO2	groups	
produced	samples	with	similar	L*	values	as	compared	to	silica-filled	samples	(both	near	L*=79).	
Color	is	the	result	of	the	interaction	of	the	pigment	color,	nanoparticle	size	and	the	relative	
difference	between	the	refractive	indices	of	the	nanoparticle	and	the	polymer.	The	refractive	
index	of	TiO2	is	more	than	2.6	whereas	ZrO2	is	about	2.1,	Silica	is	about	1.5	and	PDMS	is	around	
1.4.	Generally,	light	is	bent	more,	travels	shorter	paths	and	does	not	penetrate	as	deeply	in	
materials	with	higher	refractive	indices.	Therefore,	samples	containing	TiO2	are	more	efficient	at	
scattering	light	than	are	the	other	groups,	leaving	smaller	amounts	of	light	to	be	absorbed	by	
the	polymer	and	the	pigment.	The	scattering	effect	of	TiO2	nanoparticles	gives	the	samples	a	
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whiter	appearance,	thereby	explaining	higher	L*	values.	Small,	non-significant	changes	were	
measured	in	a*	(red-green),	which	was	somewhat	expected	since	the	pigment	was	yellow	in	
color.	For	b*	values,	silica	filled	samples	produced	the	highest	yellow	color	(b*=93.18)	which	
was	statistically	grouped	with	ZrO2	samples	(b*	values	were	88.76	for	ZrO2	200	nm	and	91.48	for	
ZrO2	40	nm	samples).	The	whiteness	contributed	by	TiO2	presumably	detracted	from	the	yellow	
color	and	yielded	lower	b*	values	(55.60	for	TiO2	200	nm	and	60.06	for	TiO2	30-40	nm).	
5.1.2 Color	Changes	in	Control	Environment	
In	the	control	environment	(darkness,	25℃,	and	30%	relative	humidity),	more	overall	
color	change	was	noticed	for	ZrO2	groups	and	the	silica-filled	samples	after	3000	hours	of	
storage,	as	compared	to	TiO2-containing	materials	(p	<	0.05).	This	may	be	attributed	to	pigment	
breakdown,	detachment	of	filler	particles,	degradation	of	the	lower	molecular	weight	silicon	
fluid	used	to	disperse	the	platinum	catalyst,	presence	of	impurities	or	continued	crosslinking	of	
the	matrix.	Additional	crosslinking	occurs	when	unreacted	chains	continue	to	polymerize	with	
time,	thereby	changing	the	refractive	index	of	the	polymer.	Elastomers	containing	both	TiO2	
sizes	underwent	a	mean	color	change	that	was	below	the	visual	threshold	of	acceptable	color	
change	(∆E*=3).	The	lower	overall	color	change	noticed	with	TiO2	may	be	due	to	its	higher	
specific	heat,	which	may	allow	more	heat	transmission	to	the	polymer,	possibly	inducing	more	
polymerization	during	the	curing	process	and	thereby	reducing	post-curing	polymerization.	Post-
curing	polymerization	may	have	produced	the	color	changes	noted	for	silica	and	zirconia.	
However,	the	true	underlying	mechanism	is	unknown.	
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5.1.3 Color	Change	Caused	by	Ultraviolet	Radiation	
Early	studies	demonstrated	that	ultraviolet	radiation	negatively	impacted	optical	and	
mechanical	properties	in	maxillofacial	prosthetic	materials.	A	common	explanation	given	for	
these	changes	is	that	oxygen,	when	present,	induces	photo-oxidative	degradation	of	the	
polymer	network	in	addition	to	the	degradation	of	non	UV-resistant	pigments.	Results	from	UVB	
weathering	showed	that	TiO2	200	nm	samples	demonstrated	the	least	color	change	over	time,	
followed	by	TiO2	30-40	nm	samples.	This	suggests	that	200	nm	TiO2	nanoparticles	functioned	as	
UVB	blockers,	thereby	reducing	ultraviolet	transmission	to	surrounding	pigment	and	polymer	
molecules.	The	difference	in	UV	blocking	capabilities	between	the	two	TiO2	groups	may	be	
attributed	to	the	difference	in	the	size	of	the	scattering	particles.	For	the	200	nm	TiO2	
nanoparticles	whose	diameter	is	closer	to	one-half	the	wavelength	produced	by	the	ultraviolet	
bulb	(290-315	nm),	the	Mie	scattering	theory	is	applicable	and	more	forward	scattering	will	be	
produced	closer	to	the	peak	of	the	total	scattering	intensity.	On	the	other	hand,	the	smaller	30-
40	nm	particles	may	more	closely	follow	the	Rayleigh	scattering	theory,	which	shows	that	small	
particles	produce	equal	amounts	of	backward	and	forward	scattering.	In	principle,	the	200	nm	
particle	would	produce	more	forward	scattering,	whereas	the	30-40	nm	particle	would	permit	
more	backward	(diffuse)	scattering	to	the	surrounding	polymer	and	pigment.	This,	in	turn,	
would	lead	to	material	degradation	within	a	shorter	period	of	time.		It	should	be	pointed	out	
that	although	the	∆E*	value	for	TiO2	200	nm	was	5.6	units	after	3000	hours	of	UVB	exposure	and	
above	the	acceptable	threshold	of	color	change	(∆E	=	3.0),	this	degree	of	color	change	may	not	
be	unacceptable	to	some	observers.	It	should	be	noted	that	the	measurement	used	to	
determine	the	perceptibility	and	acceptability	thresholds	of	color	difference	was	determined	
from	Paravina	et	al.,	where	color	measurements	of	different	skin-colored	elastomers	were	
evaluated	in	a	viewing	booth	with	neutral	gray	walls	and	a	floor	which	lowered	the	visual	
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lightness	threshold	(2009).	These	thresholds	might	not	fully	represent	a	maxillofacial	prosthesis	
that	is	viewed	under	different	light	sources	and	with	different	backgrounds.	Also,	a	patient	
might	not	reject	a	facial	appliance	with	minimal	shade	change	as	long	as	the	change	occurs	
gradually.	
		 Based	on	our	results,	improvements	in	color	stability	were	obtained	by	adding	1%	
weight	TiO2	nanoparticles	to	silicon	elastomers	exposed	to	artificial	weathering,	which	is	
consistent	with	findings	reported	by	Han	et	al.,	2010.	For	1%	TiO2	incorporated	into	Silicone	A-
2186	with	yellow	pigments	and	exposure	to	artificial	solar	radiation	(450	kJ/m2),	ΔE*	was	
measured	at	5.2	units.		Color	stability	improved	with	samples	containing	higher	concentrations	
of	TiO2	(2%	to	2.5%)	and	mixed	pigments,	rather	than	one	pigment.	
5.2 Physical	Properties	
5.2.1 Shore	A	Hardness	
Baseline	shore	A	hardness	showed	that	silica	was	superior	to	all	other	groups	except	the	
200	nm	ZrO2	group.	The	fact	that	the	1%	nano-oxide	additions	were	only	slightly	lower	in	
hardness	to	the	10%	silica	additions	may	be	explained	by	considering	the	nature	of	the	polymer	
reinforcing	behavior	of	nanoparticles	when	dispersed	into	silicone.	Hardness	is	a	surface	
phenomenon	and	is	affected	by	the	surface	area	of	incorporated	filler.	The	large	total	surface	
area	of	smaller	particles	may	underlie	the	observation	that	1%	TiO2	and	ZrO2	30	nm	particles	
yielded	similar	hardness	values	to	those	measured	for	control	materials	containing	13%	200	nm	
silica	particles.		The	surface	area/weight	ratio	increases	by	one	to	two	orders	of	magnitude	as	
the	nanoparticle	decreases	in	size	to	10	nm	(Rothon	2003).	
	 Overall	there	were	few	differences	in	Shore	A	hardness	observed	among	the	different	
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materials,	and	only	silica-filled	elastomers	demonstrated	appreciable	hardening	from	
weathering.	The	1.5	unit	increase	in	hardness	was	considered	to	be	clinically	insignificant.		
5.2.2 Tensile	Properties	
Compared	to	the	TiO2-	and	ZrO2-filled	samples,	ultimate	tensile	strength,	maximum	
strain	at	break	and	modulus	of	elasticity	were	significantly	greater	for	the	silica-filled	elastomers	
at	all	time	points	for	both	control	and	UVB	weathering	(roughly	2-3	times	greater	UTS,	2	times	
maximum	strain	and	2-3	times	greater	modulus).	This	was	probably	due	to	the	increased	filler	
loading	for	silica-containing	materials.	Increasing	filler	levels	have	been	shown	to	increase	
mechanical	properties	for	micrometer-range	fillers	loaded	into	polymer	systems.	In	this	study,	it	
was	considered	possible	that	ten-fold	lower	filler	sizes	loaded	in	ten-fold	lower	quantities	might	
produce	similar	mechanical	properties	to	materials	loaded	with	larger	fillers	in	larger	quantities.	
This	consideration	was	based	on	wear	data	published	by	Bahadur	and	Gong	and	mechanical	
property	data	published	by	Sinha	and	Brisco.	Similar	results	were	not	observed	in	this	study	
because	wear	is	a	more	complex	phenomena	that	is	accompanied	by	compressive	and	shear	
stress,	which	is	different	than	the	tensile	behavior	of	the	material.	Wear	can	occur	in	adhesive,	
abrasive	and	fatigue	modes	and	require	surface	contact.	Thus,	it	is	possible	that	nano-filled	
materials	may	exhibit	different	behavior	under	tensile	stress.	
TiO2-	and	ZrO2-nanoparticle-filled	samples’	tensile	properties	were	not	significantly	
affected	by	weathering	condition.	This	result	should	be	regarded	with	caution,	as	property	
values	were	inherently	low	initially.	This	might	be	due	to	the	low	filler	content	used	in	this	study,	
which	did	not	raise	the	mechanical	properties	sufficiently	to	permit	weathering	changes	to	be	
observed.	Similar	findings	were	reported	by	Han	et	al.,	2008.	They	concluded	that	the	
incorporation	of	0.5%,	1%	and	1.5%	loading	fraction	did	not	improve	mechanical	properties,	
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whereas	2-2.5%	of	TiO2,	ZnO	and	CeO2	did	improve	tensile	and	shear	strength,	maximum	
elongation	at	break	and	Shore	A	hardness.	However	their	results	are	not	directly	comparable	to	
our	findings,	since	they	incorporated	nanoparticles	into	Silicon	A-2186,	a	commercial	elastomer	
that	contains	silica	in	addition	to	the	loaded	nanoparticles.	In	this	study,	prototype	elastomers	
containing	only	nano-oxides	were	tested.			
Ultimate	tensile	strength	(UTS)	and	maximum	strain	at	break	of	silica-filled	samples	was	
significantly	decreased	by	time	passage	(control)	and	UVB	radiation,	but	there	were	no	
significant	differences	between	control	and	UVB	weathering.	Changes	from	baseline	may	be	
attributed	to	continued	crosslinking	and	chain	scission	within	the	polymer	network	over	time;	
however	this	effect	was	not	increased	by	UVB	exposure.		The	modulus	of	elasticity	for	silica	
samples	was	not	affected	by	time	passage	or	UVB	exposure.	The	reason	for	this	occurrence	is	
unclear.	
5.3 Antifungal	Activity	
Candida	albicans	are	opportunistic	fungi	that	have	to	overcome	the	host’s	immune	system	in	
order	to	produce	an	infection.	Its	ability	to	change	from	yeast	cells	to	hyphal	cells	is	known	to	be	
one	of	its	virulent	factors.	C.	albicans	biofilm	development	is	characterized	by	three	distinct	
phases.	The	first	is	the	adherence	of	C.	albicans	to	its	substrate			(≈	0-11	hours).	In	the	
intermediate	phase,	cell	proliferation	and	microcolony	formation	takes	place	and	deposits	an	
extracellular	matrix	(≈	12-14	hours).	Finally,	the	formation	of	a	dense	network	of	filamentous	
forms	(pseudohyphae	and	hyphae)	encased	in	exopolymeric	matrix	is	considered	the	maturation	
phase	(≈	24-72	hours)	(Chandra	et	al.,	2001,	Alsalleeh	et	al.,	2016).	For	this	reason,	C.	albicans	
were	incubated	for	48	hours	before	conducting	the	XTT	colorimetric	assay	and	confocal	laser	
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scanning	microscopy	experiments,	to	allow	for	the	biofilm	formation	to	reach	its	maturation	
phase.		
Results	from	the	XTT	colorimetric	assay	showed	that	TiO2	groups	demonstrated	similar	
antifungal	activity	to	Ag	(negative	material	control)	with	significantly	less	C.	albicans	growth	
compared	to	the	positive	control.	The	precise	mechanism	by	which	Ag	and	TiO2	may	control	the	
growth	of	C.	albicans	is	not	fully	understood.			Early	studies	have	shown	that	Ag	ions	block	
microbial	DNA	replication,	inactivate	vital	enzymes	necessary	for	ATP	production	and	oxidation	
of	glucose,	and	damage	microbial	cell	walls,	resulting	in	cell	death	(Allaker	2010).	Similar	effects	
have	been	suggested	for	TiO2,	as	it	oxidates	the	cell	membrane	of	the	microorganism	and	alters	
Coenzyme	A-dependent	enzyme	activities,	thereby	producing	a	biocidal	effect.	The	proposed	
mechanism	is	through	the	formation	of	reactive	OH-	and	HO2-	species,	the	result	of	Ti-O	surface	
bonds	produced	by	mismatches	between	bulk	and	surface	electronic	properties	(Longo	et	al.,	
2013).	No	significant	differences	were	noticed	between	ZrO2	and	silica	groups	when	compared	
to	the	positive	control.		Consequently,	C.	albicans	grew	and	formed	more	hyphae	on	ZrO2	and	
silica	discs,	as	seen	in	confocal	images.	The	poor	antifungal	activity	of	ZrO2	and	silica	could	be	
due	to	the	lack	of	ability	to	produce	free	reactive	radicals	that	can	attack	candidal	cell	walls	and	
essential	enzymes.	Therefore,	TiO2	nanoparticles	were	able	to	limit	C.	albicans	cells	growth	on	
the	surface	of	PDMS	discs,	but	ZrO2	and	SiO2	did	not. 
	
	
	 70	
CHAPTER	6: CONCLUSIONS	
The	purpose	of	this	study	was	to	compare	elastomers	filled	with	1%	weight	TiO2	and	
ZrO2	nanoparticles	in	two	particle	sizes	(40	nm	and	200	nm)	to	elastomers	filled	with	13%	weight	
silica	nanoparticles,	to	evaluate	of	color	stability	and	physical	properties	after	exposure	to	
control	and	UVB	weathering	challenges.	A	second	purpose	was	to	analyze	the	antifungal	
properties	of	these	same	PDMS	elastomers.	Conclusions	of	this	study	are	as	follow:	
1. PDMS	elastomers	loaded	with	1%	weight	200	nm	and	40	nm	TiO2	nanoparticles	
demonstrated	less	overall	color	change	after	storage	in	control	(p<0.05)	and	
UVB	(p<0.05)	environments	compared	to	samples	filled	with	ZrO2	and	silica	
nanoparticles.		
2. Elastomers	filled	with	13%	silica	showed	higher	shore	A	hardness	at	baseline	
(p<0.05)	compared	to	all	other	groups,	except	samples	filled	with	200	nm	ZrO2	
nanoparticles.	Weathering	only	affected	samples	filled	with	silica,	producing	a	
1.5	hardness	unit’s	increase,	which	was	considered	to	be	clinically	insignificant.	
3. Tensile	properties	of	ultimate	tensile	strength	UTS,	maximum	strain	at	break	
and	modulus	of	elasticity	were	significantly	higher	for	silica	samples	in	
immediate	testing	(p<0.05),	control	(p<0.05)	and	UVB	(p<0.05)	weathering	
environments,	compared	to	all	other	groups.		
4. Incorporation	of	1%	loading	weight	TiO2	nanoparticles	into	PDMS	imparted	
greater	antifungal	activity	(p<0.01)	compared	to	ZrO2	and	silica-filled	samples.	
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CHAPTER	7: RESEARCH	LIMITATIONS	
The	limitations	associated	with	this	project	include	the	following:	
1. Analysis	of	other	weathering	environments	such	as	heat	and	humidity	and	using	
outdoor	weathering	would	provide	further	insight	into	this	project.	
2. Only	one	pigment	(functional	intrinsic	yellow)	was	chosen	for	this	study.	
Different	pigments	would	produce	different	behaviors	of	studied	materials.	
3. Prototype	elastomers	were	used	in	this	project	in	order	to	control	their	
compositions	precisely.	Commercially	available	elastomers	may	behave	in	a	
different	manner.	
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CHAPTER	8: CONSIDERATIONS	FOR	FUTURE	RESEARCH	
Results	of	this	study	suggest	investigating	the	effects	of	adding	similar	levels	of	loading	
of	TiO2,	ZrO2,	and	silica	nanoparticles	into	PDMS	elastomers	to	allow	for	direct	comparison	
between	them.		
Another	consideration	is	to	study	the	effects	of	adding	a	combination	of	different	
nanoparticles	into	PDMS	elastomers	at	controlled	compositions,	which	may	produce	more	
desirable	properties.	
Outdoor	weathering	may	produce	different	material	performance,	therefore	outdoor	
weathering	should	be	considered	as	a	future	environmental	challenge.	
The	dispersion	of	the	nanoparticles	when	loaded	into	PDMS	elastomers	is	an	essential	
factor	in	obtaining	the	optimal	properties	of	materials.	Future	research	should	focus	on	particle	
surface	coatings	that	produce	uniform	particle	spacing.	
Finally,	the	effect	of	weathering	on	long-term	antifungal	activity	of	PDMS	elastomers	
should	be	studied.	
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